Metal hydrides have attracted great intentions as anodes for lithium-ion batteries (LIBs) due to their extraordinary theoretical capacity. It is an unsolved challenge, however, to achieve high capacity with stable cyclability, owing to their insulating property and large volume expansion upon lithium storage. Here, we introduce self-initiated polymerization to realize molecular-scale functionality of metal hydrides with conductive polymer, that is, polythiophene (PTh), on graphene, leading to the formation of MgH2@PTh core−shell nanoparticles on graphene. The nanoscale characteristics of MgH2 not only relieve the induced stress upon volume changes but also allow fast diffusivity and high reactivity for Li-ion transport. More importantly, the conformal coating of ultrathin PTh membrane can effectively suppress the detrimental reactions between MgH2 and electrolyte, provide enhanced performance with facile electron and Li+ transport, and preserve its structural integrity, attributed to the strong molecular interaction between PTh and MgH2 as well as its various products during electrochemical reactions. With this structure, a high reversible specific capacity of 1311 mAh g−1 at 100 mA g−1, excellent rate performance of 1025 mAh g−1 at 2000 mA g−1, and a capacity retention of 84.5% at 2000 mA g−1 after 500 cycles are observed for MgH2@PTh nanoparticles as anode for LIBs.
ABSTRACT: Metal hydrides have attracted great intentions as anodes for lithium-ion batteries (LIBs) due to their extraordinary theoretical capacity. It is an unsolved challenge, however, to achieve high capacity with stable cyclability, owing to their insulating property and large volume expansion upon lithium storage. Here, we introduce self-initiated polymerization to realize molecular-scale functionality of metal hydrides with conductive polymer, i.e., polythiophene (PTh), on graphene, leading to the formation of MgH2@PTh core-shell nanoparticles on graphene.
The nanoscale characteristics of MgH2 not only relieve the induced stress upon volume changes, but also allow fast diffusivity and high reactivity for Li-ion transport. More importantly, the conformal coating of ultrathin PTh membrane can effectively suppress the detrimental reactions between MgH2 and electrolyte, provide enhanced performance with facile electron and Li + transport, and preserve its structural integrity, attributed to the strong molecular interaction between PTh and MgH2, as well as its various products during electrochemical reactions. With this structure, a high reversible specific capacity of 1311 mAh g -1 at 100 mA g -1 , excellent rate performance of 1025 mAh g -1 at 2000 mA g -1 , and a capacity retention of 84.5% at 2000 mA g -1 after 500 cycles are observed for MgH2@PTh nanoparticles as anode for LIBs.
Rechargeable lithium-ion batteries (LIBs) are one of the predominant power sources for applications in the portable electronics market and are believed to be promising candidates for electrical vehicle and grid-scale energy storage due to their high energy density, high voltage, and environmental friendliness. [1] [2] [3] [4] [5] The most common commercial graphite anode materials, however, exhibit a relatively low theoretical specific capacity of 372 mAh g -1 . In order to meet the evergrowing energy and power demands of electrical devices, considerable research efforts have been devoted to the development of advanced electrode materials with high energy density, power density, and long cycle life at low cost. [6] [7] [8] Accordingly, the use of metal hydrides has been proposed by Oumellal et al. in 2008 and further developed as very high capacity materials for LIBs. 9, 10 It has been experimentally demonstrated that several metal hydrides could react with lithium during the last decade based on the following reaction: MHx + xLi + + xe -⇌ M + xLiH. 9, 10 Among them, magnesium hydride (MgH2) in particular is attracting extensive attention in view of its high theoretical capacity of 2038 mAh g -1 , owing to the much lower molecular weights of magnesium and hydrogen, and the safe potential window of 0.1-0.5 V versus Li + /Li 0 with the low cost and high natural abundance (~2.5% of Earth's surface composition, and virtually in unlimited amounts in sea water). 9 It has been found that a full discharge capacity of MgH2 could be achieved in the first cycle and a high reversible capacity of 1480 mAh g -1 is obtained in liquid electrolyte at room temperature, which is 4 times that of traditional Li/graphite electrodes at a suitable potential (0.5 V vs. Li + /Li 0 ) for a negative electrode. 9 Additionally, MgH2 as anode material displays the lowest value of polarization (0.2 V vs. Li + /Li 0 ) ever reported compared to all other conversion electrodes due to the facile transportation of hydrogen, which could effectively reduce the self-heating effect during cycling and the risk of thermal runaway. [9] [10] [11] Unfortunately, the practical application of MgH2 as anode is significantly hindered by the rapid capacity fading during cycling (a capacity of less than 200 mA h g -1 after only 10 complete cycles), poor rate capability, and low Coulombic efficiency, which is attributed to its intrinsically low electronic conductivity, aggregation, and loss of electrical contact with the current collector induced by large volume changes and pulverization occurring during the lithiation-delithiation cycling. 12, 13 In the case of the electrode materials that experience large volume changes during charge/discharge in liquid electrolyte at room temperature, effective mitigation of the negative impact of the enormous volumetric changes on the electrochemical performance is the key challenge to enable the practical application of this class of alloying or conversion reaction electrode materials. 14 Recently, extensive research on conversion reaction electrodes has demonstrated that decreasing particle size or electrode nanostructuring is a common strategy to enhance their rate capability by effectively shortening the Li + diffusion distance and enabling the electrode to withstand high volumetric strains associated with repeated lithium insertion/extraction. 15 Building core-shell nanostructures by integrating electroactive materials with conducting additives, such as carbon or conductive polymer, as the shells has also been reported to improve their electrical conductivity and prevent agglomeration, leading to enhanced electrochemical performance of the active materials. [16] [17] [18] [19] [20] [21] [22] [23] For example, Wu and coworkers reported the formation of CuO@carbon-nitride core-shell nanocable array, which could benefit the reversible accommodation of the volume change of the CuO active materials, leading to a reversible capacity as high as 669 mAh g -1 after 200 cycles. 14 The core-shell assembly of graphene around Fe2O3 could achieve a high reversible capacity, significantly enhanced cycling stability, and excellent rate capacity of Fe2O3 compared with pristine Fe2O3, which is mainly attributed to the important role of graphene shell in preventing aggregation, buffering the volume change, maintaining the integrity of the active materials, and improving the conductivity of the electrode. 24 In addition, Zhu and co-workers reported that building the Fe3O4@polypyrrole core-shell structures could effectively facilitate the rapid ion/electron transportation for electrochemical reaction, leading to superior lithium storage performance. 25 More recently, uniform distribution of Sn in the core-shell TiO2-Sn@carbon nanofibers has been demonstrated as an effective strategy to not only buffer the volume variation of Sn and prevent the aggregation and pulverization during cycling discharge-charge process, but also improve the electronic conductivity of the electrode. 26 Unfortunately, although a significant improvement has been demonstrated for those metal-oxide (nitride and/or sulfide)-based anode materials, based on combining the advantages of these two strategies, the synthesis of anodes with stable nanostructures is still challenging due to the lack of rational design on the molecular level. In particular, the practical performance of MgH2 anode material has fallen far short of the theoretical promise, and the related development has been rather slow because of the limited application of existing anode technologies in this field. A recent study in our group has demonstrated that anchoring MgH2 nanoparticles on graphene, combined with poly(methyl methacrylate) (PMMA) as the binder, could effectively improve the reversibility of MgH2-based anodes. 27 Only a reversible capacity of 395 mAh g -1 , however, could be maintained at 2000 mA g -1 after 1000 cycles. Therefore, in order to satisfy the continuing demand for advanced LIBs with higher capacity, the energy capacity of MgH2-based anodes needs to be urgently unlocked to develop high-performance LIBs via the uniform and rational integration of both nanostructure engineering and hybridization based on molecular level.
In this study, to achieve a high reversible capacity with stable cyclability, we have fabricated an The morphology of the as-synthesized products was subsequently investigated by field-emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM). Figure 2a shows the formation of homogeneous MgH2 NCs with an average particle size of around 13.8 nm uniformly anchored on graphene after the hydrogenation-induced self-assembly process ( Figure   S1 ), which offers facile pathways for the uniform adsorption of thiophene monomer and the The battery performance of G/MgH2@PTh as electrode material was first evaluated by galvanostatic charge-discharge cycling measurements at a constant current density of 100 mA g -1 .
The initial discharge profile consists of a plateau at ~ 0.9 V, which could be attributed to the formation of solid-electrolyte interphase (SEI) films (Figure S19 (Figure 3c ) results. Therefore, the overall electrochemical reactions of G/MgH2@PTh electrode can be described in the following equations:
Remarkably, a high discharge capacity of 2846 mAh g -1 was achieved at a current rate of 100 mA g -1 for G/MgH2@PTh in the first cycle (Figure 3d ), which is slightly higher than the theoretical capacity of MgH2 (2243 mAh g -1 based on the conversion reaction to form LiH and the alloying reaction to form hcp-type LixMg alloys). It could be mainly attributed to the formation of the SEI layer on the surface and the irreversible side-reactions between the electrode and the electrolyte This finding indicates that the molecular-scale functionality of MgH2 NCs with PTh membrane could significantly prevent the detrimental and irreversible reactions between MgH2 and the electrolyte. In the second and third cycles, the CE of G/MgH2@PTh dramatically increases to 88% and 91%, respectively, suggesting the rapid stabilization of the SEI layer. After 100 cycles, the reversible capacity is still as high as 1311 mAh g -1 , which demonstrates the high reversibility of G/MgH2@PTh electrode. On the other hand, the reversible capacity of MgH2 and G/MgH2 NCs presents significant degradation down to only 97 and 160 mAh g -1 , respectively, which is ascribed to the particle aggregation and/or detachment caused by pulverization due to the large volume expansion during repeated lithiation/delithiation processes, as proved by TEM images of G/MgH2
NCs after only 20 cycles ( Figure S21 ). SEM images ( Figure S22 attributed to the much higher electronic conductivity and the enhanced ionic diffusion kinetics, which were well maintained during the continuous charge-discharge cycling.
To fully understand the role of the molecular-scale functionality of MgH2 with PTh in the cycling performance of MgH2-based electrode, DFT calculations were further performed to examine the interaction between the electroactive species and the PTh membrane. The optimized result from the calculation (Figure S25 ) of the binding energy between MgH2 and PTh was 0.46 eV, much higher than for MgH2-graphene system (0.3 eV), which reveals the favorable molecular interaction between MgH2 and PTh, and could enable the ultrathin PTh membrane to constrain electroactive MgH2 NCs during cycling. Moreover, it should be noted that LiH and Mg, the discharge products of G/MgH2@PTh electrode, also exhibit strong molecular interaction with PTh, exhibiting a binding energy of 0.57 eV and 0.16 eV, respectively. Therefore, the theoretical calculations provide evidence for the enhancement of affinity between PTh and MgH2, as well as the discharged products of G/MgH2@PTh electrode, through uniform molecular interaction, which could significantly improve the structural integrity. Consequently, G/MgH2@PTh still maintained its original appearance ( Figure S20 ), even after the anode was charged-discharged over 500 cycles, implying the formation of stable SEI layers. Only few particles, however, could be observed in G/MgH2 NCs after only 50 cycles. The particle size distribution exhibits that the average particle size of MgH2 NCs is around 17.9 nm after cycling ( Figure S26 ) with only limited increase compared to that before cycling, which corresponds well with the long cycle life of G/MgH2@PTh and its high coulombic efficiency. In addition, the carbon, magnesium, and sulfur element mapping (Figure 4d ) verifies that the homogeneous distribution of MgH2 NCs in G/MgH2@PTh electrode is well preserved after cycling, which visually demonstrates the synergistic effects of both the chemical affinity and the intimate physical contact between MgH2, as well as its discharge products, and the PTh membrane in suppressing the aggregation of electroactive nanoparticles during repeated lithiation and delithiation. As a result, no obvious aggregation could be observed on the relatively smooth surface of the electrode with the homogenous distribution of Mg, S, and C in the electrode ( Figure S27 ).
It could be noted that the electrochemical properties of G/MgH2@PTh electrode are comparable to or even much better than the state-of-art values for typical metal-based compounds, including transition metal oxides (phosphides and/or nitrides), metal sulfides, and alloy-based metals (e.g.,
Ge and Sn), in terms of specific capacity, cyclability, and rate capability (Figure 4e , Table S1 ). composed of NaOH-CaO was used to remove the water vapor and possible acid gas from the generated hydrogen. Finally, the amount of hydrogen was quantified by water displacement in an inverted graduated cylinder over a water-filled tank.
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